The transcription start sites for the tatABCD and tatE loci, encoding components of the Tat (twin-arginine translocase) protein export pathway, have been identified. Expression studies indicate that the tatABCD and tatE transcription units are expressed constitutively. Translational fusion experiments suggest that TatA is synthesized at a much higher level than the other Tat proteins.
The Tat (twin-arginine translocation) export pathway is a recently discovered protein transport system found in the cytoplasmic membranes of most bacteria and in the energy-transducing membranes of plant organelles (2, 17) . Proteins are targeted to the Tat apparatus by N-terminal signal sequences that harbor the (S/T)RRxFLK twin-arginine motif (1) . Analysis of the Escherichia coli genome sequence has identified in excess of 20 gene products that are likely to be exported by the Tat system (2) . Unlike the well-characterized Sec export pathway, which translocates substrates in an extended conformation, the Tat pathway appears to be capable of exporting prefolded proteins, often containing redox cofactors (13) . Thus, the Tat system plays a critical role in the biogenesis of electron transfer chains. Many of the most highly expressed substrates of the Tat system in E. coli, including the uptake hydrogenases, the trimethylamine-N-oxide and dimethyl sulfoxide reductases, the periplasmic nitrate reductase, and formate dehydrogenase-N, are key components of anaerobic respiratory chains (7) . Therefore, it was anticipated that the highest demand for protein export by the Tat pathway might be under anoxic respiratory conditions. We demonstrate here that the tat genes are expressed constitutively, indicating a requirement for the Tat export machinery under all growth regimens.
Studies of E. coli have identified two genetic loci coding for components of the Tat pathway. The tatA transcription unit (Fig. 1A) , located at min 86 on the E. coli chromosome, comprises four genes, tatA to tatD (14) . Of these, tatB and tatC encode essential Tat components (3, 5, 15, 19) . The tatD gene is not required for Tat-dependent protein export, and Northern blot analysis suggests that although tatD is cotranscribed with tatABC, the presence of a putative stem-loop structure in the tatC-tatD intergenic region serves to control the level of TatD (20) . The tatA gene encodes a protein exhibiting greater than 50% amino acid sequence identity with TatE. These two proteins have overlapping roles in protein export by the Tat pathway such that only a strain lacking both of the genes is completely blocked in protein export (14) . The tatE gene (Fig.  1B) is located at 14 min on the E. coli chromosome and is apparently monocistronic. In this report, we probe the regulatory features of the two genetic loci required for Tat-dependent protein export.
Using primer extension analysis of total RNA isolated from cells grown aerobically in CR-Hyd medium (6), we identified the transcription start site of the tatABCD locus ( Fig. 2A) . The transcription start site lies 37 bp upstream of the tatA start codon, which we have identified by N-terminal sequence analysis of the isolated TatA protein (F. Sargent, T. Palmer, and B. C. Berks, unpublished data). Only one major start site was identified regardless of whether cells were grown aerobically, anaerobically in the presence of glycerol with either nitrate or fumarate, or fermentatively (data not shown). The putative promoter region of tatA is highlighted in Fig. 2B . Reasonable matches for the consensus Ϫ10 and Ϫ35 recognition sequences of 70 -dependent promoters are apparent. Despite the relatively short intergenic region between the tatA transcription unit and the cluster of upstream genes involved in quinone biosynthesis, there was no evidence from either primer extension or reverse transcriptase PCR analysis of any transcriptional readthrough into the tat genes (data not shown).
To investigate the expression levels of the tatA transcription unit, we constructed both transcriptional and translational fusions of tatA to the lacZ gene. Each fusion was constructed using the same fragment of the tatA upstream region. DNA from 532 bp upstream to the first codon of tatA was amplified by PCR and cloned into either plasmid pRS551 (transcriptional fusion) or plasmid pRS552 (translational fusion) (18) . The tatA-lacZ transcriptional and translational fusions were delivered into the lambda attachment (att) site on the chromosome of MC4100 as described elsewhere (18) . High levels of expression from the tatA promoter could be detected under both aerobic and anaerobic growth conditions (Table 1) , confirming the observations made by monitoring transcript levels. The transcriptional tatA-lacZ fusion strain respiring with either glucose plus oxygen or glycerol plus nitrate produced in the region of 900 to 1,000 Miller units. The same strain growing fermen-tatively showed approximately half the level of ␤-galactosidase activity, suggesting there may be some down-regulation under these conditions.
High levels of ␤-galactosidase activity could also be detected in MC4100 harboring the tatA-lacZ translational fusion, indicating that tatA is translated with high efficiency (Table 1) . This is consistent with the presence of a region rich in A and G residues between 6 and 11 nucleotides upstream of the tatA translational start site (Fig. 2B ), which approximates a good Shine-Dalgarno sequence. The highest level of translational activity was observed with strains growing aerobically, with slightly lower levels for strains respiring anaerobically. Again the lowest activity was seen for cells fermenting glucose. Taken together, the results from the tatA transcriptional and translational fusions indicate that there is no aerobic/anaerobic regulation of tatABCD operon expression, but that there may be some down-regulation (approximately twofold) under fermentative growth conditions. These observations imply that there should be Tat substrate proteins synthesized and exported under all growth conditions since there is a high and constitutive level of expression of genes encoding the core Tat components.
The tatE gene encodes a protein with high sequence similarity to TatA, and the two proteins share overlapping functions with respect to Tat-dependent protein export. However, an in-frame deletion in tatA apparently has a more severe protein transport defect than a similar mutation in tatE. To investigate the interrelationship between tatA and tatE further, we investigated the transcription of tatE. Primer extension analysis of total cellular RNA, using a primer antisense to the tatE coding region, identified the presence of two major transcripts (Fig. 2C ). As shown in Fig. 2D , the start sites of these transcripts are located at 49 and 75 bp, respectively, upstream of the tatE translational start site. The same transcriptional start sites were apparent using RNA isolated from cells grown aerobically and anaerobically (data not shown). Both of the start sites are preceded by putative 70 -dependent Ϫ10 and Ϫ35 promoter sequences (Fig. 2D) . In addition to the two major transcripts, a number of minor transcripts further upstream were also detected. No transcriptional readthrough from the ybeH promoter ( Fig. 1 ) occurred, since reverse transcriptase PCR experiments using primers to tatE and ybeM yielded no product (data not shown).
To investigate the regulation of tatE and compare it with that of tatA, we constructed transcriptional and translational fusions of tatE to the lacZ gene in manner identical to that used to create the tatA fusions described above. Each fusion was directly after the first codon of tatE and carried 707 bp of upstream DNA. The transcriptional and translational fusions were recombined into the lambda att site of strain MC4100. Expression of ␤-galactosidase activity from the tatE-lacZ transcriptional fusion was almost as high as that for the tatA-lacZ fusion, with activities of 500 to 700 Miller units detected (Table  1 ). There was no significant effect of growth conditions on the level of expression, and the fusion was expressed at comparable levels both aerobically and anaerobically. In contrast, the tatE-lacZ translational fusion was expressed at significantly lower levels, up to 50-fold lower than the corresponding tatAlacZ translational fusion (Table 1) . This difference may be due to in the fact that the tatE gene has a poor ribosome binding site.
Our regulatory studies suggest that the genes encoding the known components of the Tat translocase are expressed at almost constitutive levels in all growth conditions tested. This is broadly similar to the expression reported for the genes encoding the core membrane components of the Sec translocon, where the secYEG genes appear not to be regulated, regardless of the demand for protein secretion (10) . The exception to this is secA, which encodes the ATPase required to drive translocation of preproteins across the membrane. The translation of secA is repressed under conditions of excess protein secretion capacity and is induced 10-to 20-fold when protein secretion is blocked (11) . This effect has been demonstrated to be autoregulatory, in that SecA is able to bind specifically to the translational initiation region on its mRNA, presumably preventing further translation (12) .
To investigate whether there was any evidence for autoregulation of tatA and/or tatE expression, we recombined the (tatA-lacZ) and (tatE-lacZ) transcriptional and translational fusions into the chromosome of the tatA deletion mutant ELV16 (15) and of the ⌬tatE strain J1M1 (14) , respectively, and measured the level of ␤-galactosidase activity. There appeared to be no significant increase in the level of expression of tatA transcriptional or translational fusions in strains where tatA has been deleted ( Table 1) . Comparison of ␤-galactosidase activities of tatE-lacZ fusions in a strain lacking tatE (Table 1) suggests a modest (maximum twofold) decrease in expression. The reciprocal experiments in which tatA-lacZ expression was examined in a tatE mutant, and vice versa, also did not give any indication of regulation (data not shown).
The translational fusion experiments described above suggest that the cellular production of TatA is much greater than the production of TatE. To compare expression levels of tatA and tatE translational fusions with levels of the other tat genes, we constructed chromosomal in-frame fusions of lacZ to each of tatA, tatB, tatC, tatD, and tatE. The fusions were constructed in an analogous manner. The entire coding region of each tat gene with the exception of the first two and either last two (tatE), last three (tatD), last four (tatC), last eight (tatB), or last six (tatA) codons was deleted. The deleted regions were replaced by the entire coding region of lacZ lacking the native start and stop codons. Each construct was subcloned into plasmid pMAK705 and transferred to the chromosome of MC4100 by the method of Hamilton et al. (8) . From the results in Table  2 , it is apparent that tatA is the most highly expressed of the tat genes, and that the level of expression of the tatA-lacZ trans- PO 4 , 5 g of peptone, and 2 g of (NH 4 ) 2 SO 4 (6)], with 0.4% (wt/vol) glucose as the carbon source. RNA isolation and primer extension (using 20 g of total RNA) were performed as described previously (16) . The primer sequence was 5Ј-TGGTTCATCATCGCTCATT-3Ј, and the sequencing ladder was generated using plasmid pFAT415 (15) . The angled arrow at the left indicates the location of the mapped 5Ј end of the transcript. (B) DNA sequence of the tatABCD promoter region. The angled arrow indicates the location of the mapped transcription start site. The 3Ј end of ubiB and the 5Ј end of tatA are designated by horizontal arrows. The putative ribosome binding site of tatA is underlined, and possible Ϫ10 and Ϫ35 sequences for 70 recognition are boxed. Numbering is from the transcriptional start site, which is taken as ϩ1. (C) To map the tatE gene transcription initiation site, total RNA was isolated from MC4100 grown anaerobically to mid-exponential phase in CR-Hyd medium supplemented with 0.5% (wt/vol) glycerol and 0.4% (wt/vol) fumarate. Primer extension performed with labeled oligonucleotide 5Ј-CCAAACAGCAGAACGACCAG-3Ј, and the sequencing ladder was generated using plasmid pFAT45 (15) . The angled arrows at the left indicate locations of the mapped 5Ј ends of the transcripts. (D) DNA sequence of the tatE promoter region. The angled arrows indicate locations of the mapped transcription start sites. The 3Ј end of ybeM and the 5Ј end of tatE are designated by horizontal arrows. The putative ribosome binding site of tatE is underlined. The possible Ϫ10 and Ϫ35 sequences for 70 recognition of the lower transcription start site are boxed, and those of the upper start site are double underlined. Numbering is with respect to the more 3Ј transcriptional start site, which is taken as ϩ1.
lation fusion at the native site is comparable to that at the att site (Table 1) . Curiously, the expression of tatE from its native site appears to be significantly lower than expression of the tatE-lacZ translational fusion present at the att site. This may be accounted for by the slight difference in position of the fusion junction relative to lacZ; at the native site, the start codon of tatE is fused to codon 2 of lacZ, whereas the fusion in the att site is to lacZ codon 8. The difference in chromosomal location of the two fusions may also be an important factor in accounting for the remaining difference. This discrepancy notwithstanding, the results presented here clearly indicate that tatA expression is between 50-and 200-fold higher than tatE expression. Assuming that this difference is reflected at the level of TatA and TatE protein synthesis, it might account for the observation that a deletion of tatA shows a more severe Tat export defect than a deletion of tatE (14) .
Comparison of the ␤-galactosidase levels from strains ELV16Z and BO ͞ DZ (Table 2) indicates that the tatB-lacZ translational fusion appears to be expressed at a level approximately 26-fold lower than that of tatA. This may be accounted for by the rather poor ribosome binding site of tatB and the GUG initiation codon. The tatC gene was expressed at a level approximately twofold lower than that of tatB. In general, these observations are consistent previous experiments in which we produced radiolabeled tatABCD gene products in vivo under control of the phage T7 10 promoter. Under these conditions, the amount of TatA produced was much greater than that of TatB, which in turn was greater than that of TatC (14, 15, 20) . The synthesis of ␤-galactosidase from the ⌬tatD-lacZ fusion is extremely low and strongly suggests that the proposed stem-loop structure in the tatC-tatD intergenic region plays a significant role in controlling the synthesis of TatD, possibly through enhanced mRNA degradation (20) . Assuming that the rates of turnover of the Tat proteins are similar, these results indicate that TatA forms the major component of the Tat protein export system. Future studies will aim to corroborate these findings at the level of Tat protein synthesis. a Translational fusion data are presented in parentheses. The tat-lacZ fusions, constructed as described in the text, were delivered onto the chromosome of either MC4100, ELV16 (MC4100⌬tatA [15] ) or J1M1 (MC4100⌬tatE [14] ). Strains were cultured in CR-Hyd minimal medium (6) supplemented with 0.4% (wt/vol) glucose, 0.2% (wt/vol) formate, 0.5% (wt/vol) glycerol, or 0.4% (wt/vol) nitrate. ␤-Galactosidase enzyme activity was determined as described by Miller (9) . All assays were performed in triplicate and repeated at least three times, with results varying by no more than 15%. a The fusions were constructed as described in the text. Strains were cultured in CR-Hyd medium supplemented with 0.4% (wt/vol) glucose, 0.5% (wt/vol) glycerol, or 0.4% (wt/vol) nitrate.
